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Abstract 25 Mycobacterium tuberculosis utilizes the fatty acids of the host as the carbon source. While the 26 metabolism of odd chain fatty acids produces propionyl-CoA. Methylcitrate cycle is essential for 27
Mycobacteria to utilize the propionyl-CoA to persist and grow on these fatty acids. In M. smegmatis, 28 methylcitrate synthase, methylcitrate dehydratase, and methylisocitrate lyase involved in 29 methylcitrate cycle were respectively encoded by prpC, prpD, and prpB in operon prpDBC. In this 30 study, we found that the nitrogen regulator GlnR directly binds to the promoter region of prpDBC 31 operon and inhibits its transcription. The typical binding sequence of GlnR was identified by 32 bioinformatics analysis and electrophoretic mobility shift assay. The GlnR-binding motif was 33 seperated by 164 bp with the binding site of PrpR which was a pathway-specific transcriptional 34 activator of methylcitrate cycle. Moreover, the affinity constant of GlnR was much stronger than 35 that of PrpR to prpDBC. The deletion of glnR resulted in poor growth in propionate or cholesterol 36 medium comparing with wild-type strain. The glnR mutant strain also showed a higher survival in 37
macrophages. These results illustrated that the nitrogen regulator GlnR regulated methylcitrate cycle 38 through directly repressing the transcription of prpDBC operon. The finding reveals an 39
unprecedented link between nitrogen metabolism and methylcitrate pathway, and provides a 40 potential application for controlling populations of pathogenic mycobacteria. 41 42 43 Author Summary 44 Nutrients are crucial for the survival and pathogenicity of Mycobacterium tuberculosis. The success 45 of this pathogen survival in macrophage due to its ability to assimilate fatty acids and cholesterol 46 from host. The cholesterol and fatty acids are catabolized via β-oxidation to generate propionyl-47
CoA, which is then mainly metabolized via the methylcitrate cycle. The assimilation of propionyl-48
CoA needs to be tightly regulated to prevent its accumulation and alleviate toxicity in cell. Here, we 49 identified a new regulator GlnR (the nitrogen transcriptional regulator) that repressed the 50 transcription of prp operon involved in methylcitrate cycle in M. smegmatis. In this study, we found 51 a typical GlnR binding box in prp operon, and the affinity is much stronger than that of PrpR which 52 is known as a pathway-specific transcriptional activator of methylcitrate cycle. In addition, deletion 53 of glnR obviously affect the growth of mutant in propionate or cholesterol medium, and show a 54 better viability in macrophage. The findings not only provide the insights into the regulatory 55 mechanism underlying crosstalk of nitrogen metabolism and carbon metabolism, but also reveal a 56 potential application for controlling populations of pathogenic mycobacteria. 57
Introduction

60
Tuberculosis is a chronic bacterial infection which infects one-third of the human population and 61 causes two million deaths annually [1, 2] . Recent researches indicated that fatty acids and 62
cholesterol are more favored carbon sources for Mycobacterium tuberculosis when infected in 63 animals and grew within macrophages [1] [2] [3] [4] . β-oxidation of even-chain fatty acids can yield acetyl-64
CoA, while odd-chain fatty acids yield propionyl-CoA as an additional product [5] . Mycobacterium smegmatis mc2 155 glnR [21] Mycobacterium smegmatis mc2 155 glnR::glnR
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Cloning, overexpression, and purification of GlnR and PrpR
105
The genes glnR and prpR were amplified by PCR from the genome of M. smegmatis mc2 155. 106
Seamless cloning and assembly kit was used. After purification, the PCR product was introduced 107
into pET-28a to generate recombinant vector, pET-28a-glnR or pET-28a-prpR. The clones were 108 confirmed by PCR and sequencing. The proteins were expressed by E. coli BL21(DE3). A single 109 clone was cultured in 5 ml LB (1‰ kanamycin) overnight, and then transferred to 50 ml LB (1‰ 110 kanamycin). 0.5 mM IPTG was added when the OD 600 of the cells was about 0.7. Then the cells 111
were grown at 20°C overnight. 112
Cells were collected by centrifugation at 8000 g for 10 min then re-suspended in 25 ml PBS buffer. 113
The cells were disrupted using sonication, and the cell debris was removed by centrifugation. The 114 supernatant was purified using Ni-NTA agarose column (Merck) that was pre-equilibrated in 10 115 mM imidazole in 50 mM NaH 2 PO 4 and 300 mM NaCl, pH 8.0. The desired protein was eluted with 116 20-250 mM imidazole in 50 mM NaH 2 PO 4 and 300 mM NaCl (pH 8.0). The fractions were 117 analysized by SDS-PAGE electrophoresis. The protein concentration was determined by the BCA 118 method.
119
Electrophoretic mobility shift assay (EMSA) 120
The upstream region (from -300 to 50) of prpDBC containing GlnR-binding and PrpR-binding 121 sites were amplified by PCR with biotin-labeled primer (5' biotin-AGCCAGTGGCGATAAG 3'). 122
The PCR product was analyzed by agarose gel electrophoresis, and purified using a PCR 123
Purification kit (Shanghai Generay Biotech). 
Kinetic binding analysis using Octet system 146 The binding affinities of GlnR and PrpR proteins to the upstream region of prpDBC operon were 147 determined by Bio-Layer interferometry using an Octet System (Octet Q Ke , Fortebio, USA). 148
Streptavidin biosensors were loaded with biotinylated DNA fragment (upstream region of prpDBC) 149
by incubation for 5 min in 7 ug/ml DNA solution and then washed in loading buffer for 5 min. After 150 that, the biosensors were moved to protein solutions to allow association for 10 min and then 151 transferred into PBS buffer to detect dissociation. All samples were performed in a 96-well plate at 152 37°C and 1000 rpm in a volume of 100 l. The proteins were diluted in the PBS buffer containing 153 10% glycerol, 10 g/ml BSA, and 0.02% tween-20. The kinetic parameters-k on , k off , and K D were 154 calculated by 1:1 binding model using the Octed Data Analysis version 7.0.
155
Resazurin assays 156 To monitor the cell metabolism activity of three M. smegmatis strains (wild-type, glnR-deleted 157 mutant glnR, and complementary strain △glnR::glnR) on different carbon sources, the resazurin 158 assay was performed. Strains were activated by culturing in LB containing 0.05% tween-80, and 159 then transferred to M9 media with different carbon resources at the same initial OD 600. After 36 h 160 of growth, 100 l of the culture was added into 96-well plate. Then resazurin solution (12.5 mg/ml 161 final concentration, Sigma) was added into the plate. The change in color was observed every ten 162 minutes. Media without cells and cells without carbon source were used as negative controls [22] .
163
Survival of M. smegmatis in macrophages 164
The human mononuclear macrophage THP-1 cell was from the Cell Bank of Typical Culture 165
Preservation Committee of Chinese Academy of Science (Shanghai, China), and was cultured in 166 RPMI-1640 medium with 10% FBS at 37 C in the presence of 5% CO 2 . They were divided into 167 12-well plates (2.0 × 10 5 cells per well ) and differentiated using PMA when the cells were at the 168 best state [23] . After 12 h, the cells were washed and then cultured in fresh RPMI-1640 medium for 169 12 h. The M. smegmatis were added into the plates (ten times more than the THP-1 cells). After 170 incubated for 2 h, the cells were washed three times using fresh medium to remove the uninfected 171 bacteria. The infected cells were cultured in fresh medium with gentamicin. At the different infected 172 time, the cells were washed three times with fresh medium, and then added LB medium containing 173 0.05% SDS to lyse the cells for 10 min. The lysates were collected and diluted at different gradient 174
to inoculate plate. The M. smegmatis Colony-Forming Units were counted after 3 days culturing 175
[24].
Results
178
Nitrogen response regulator GlnR binds the promoter region of prpDBC operon. 179 In previous work, we found that nitrogen regulator GlnR in actinobacteria directly regulated 180 carbon metabolisms, including the uptake and utilization of non-phosphotransferase-system carbon 181
sources [25] , degradation of starch [26] , synthesis of citrate [27] , and synthesis of acetyl-182
CoA/propionyl-CoA [24, 28] . In this study, a typical GlnR-binding motif (GGACC-GGCACC-183 GTAAC) was identified in the upstream region of prpDBC operon involved in methylcitrate cycle 184 in M. smegmatis (Fig 1A) . To examine whether GlnR can bind this predicted motif or not, we use 185 diluted different gradient of GlnR protein with DNA probe containing the putative GlnR-binding 186 motif in EMSA assay. 200-fold excess of unlabeled probe (S) and sperm DNA (N) were used as 187 controls. As shown in Fig 1B, obvious shift bands were observed when the purified GlnR were 188 added, and the shift bands increase with GlnR concentrations. The results demonstrated that GlnR 189 was able to directly bind the upstream region of prpDBC operon specifically in vitro, and suggesting 190 that prpDBC may be subjected to transcriptional regulated by the nitrogen regulator GlnR.
191
GlnR repressed the transcription of prpDBC operon in M. smegmatis.
192
To investigate the regulatory effect of GlnR on prpDBC in vivo, we constructed glnR-deleted 193 strain (glnR) and the complementary strain (glnR::glnR) of M. smegmatis. Three strains (wild-194 type, glnR, and glnR::glnR) were cultured in nitrogen-limited M9 medium. The transcriptional 195 levels of prpD, prpB, and prpC in three strains were compared. As shown in Fig 2, the 196 transcriptional level of prpDBC increased obviously in glnR-deleted strain compared to the wild 197 type strain. The transcripts were increased 8-fold for prpD, 4-fold for prpB, and 6-fold for prpC in 198 glnR strain. The complementation of glnR gene into glnR strain resulted in recovery of prpDBC 199 transcripts (Fig 2) . The data showed that GlnR repressed the transcription of prpD, prpB, and prpC 200 in vivo in M. smegmatis.
201
The transcription of prpDBC is responsive to nitrogen availability. 202 GlnR is a global nitrogen regulator that regulates the transcription of the genes involved in 203 nitrogen metabolism is responsive to nitrogen availability [24, 29] . The transcriptional response of 204 prpDBC operon was investigated under nitrogen-limited (N L ) and nitrogen-rich (N EX ) conditions. 205
As shown in Fig 3, the limitation of nitrogen resulted in a 5-fold increase for glnR, but 73% decrease 206
for prpD, 65% decrease for prpB, and 61% decrease for prpC. GlnR-mediated repression of prpDBC 207 operon was observed under nitrogen-limited condition. This result further demonstrated that GlnR 208 directly controls transcription of prpDBC operon involved in methylcitrate cycle in response to 209 nitrogen availability in M. smegmatis.
210
GlnR shows higher affinity to prpDBC promoter than PrpR
211
A typical GlnR binding motif (GGACC-GGCACC-GTAAC) was found in the upstream region 212 of prpDBC operon, and confirmed by the EMSA assays. To verify whether the motif sequence is 213 key for GlnR-binding, two biotin-labeled synthetic probes (128 bp) containing the predicted binding 214 motif (P1) and mutant motif (P2) were used for EMSA assays. As shown in Fig 4A and 4B, no shift  215 band was observed for probe P2, indicating that the predicted GlnR-binding sequence in the 216 promoter region of prpDBC was directly bound by GlnR. Transcriptional regulator PrpR was 217 reported to directly regulate prpD(B)C operon in M. tuberculosis, M. smegmatis, and S. enterica.
218
An 8-bp PrpR-binding motif sequence (TTTGCAAA) was identified in M. tuberculosis H37Rv . In 219 this work, a PrpR binding motif (TTTGCAAA) in the upstream region of prpDBC was observed, 220
and separated by 164 bp with GlnR binding sequence ( Fig 1A) . To determine the binding affinities 221 of these two regulators to the upstream region of prpDBC, Octet assays were performed using 222 proteins with different concentrations gradients. The KD values of GlnR and PrpR for prpDBC are 223 38.5 and 404 nM, respectively (Fig 4C and 4D) . These results revealed that GlnR has a 10-fold 224
higher affinity for the promoter region of prpDBC than PrpR.
225
GlnR affects the growth of M. smegmatis on propanoate or cholesterol 226 GlnR repressed the transcription of prpDBC operon, which was involved in methylcitrate cycle, 227
and played an important role in metabolisms of fatty acid and cholesterol for mycobacteria in host 228 cells. It is reasonable to expect that GlnR will exert an effect on the growth of M. smegmatis on fatty 229 acid or cholesterol as carbon source. To investigate the regulatory effect of GlnR on utilization of 230 fatty acid or cholesterol, three M. smegmatis strains (wt, glnR, and glnR::glnR) were cultivated 231 respectively on 10 mM propanoate or cholesterol. As shown in Fig 5A and 5B , glnR strains grew 232 much better than wild-type strain both on 10 mM or cholesterol under nitrogen-limited condition. 233
The deletion of glnR alleviated GlnR-mediated repression of prpDBC operon, and increases activity 234 of methylcitrate pathway (assimilation of propanoate and propionyl-CoA).
235
The resazurin reduction assay was also employed to examine the growth of M. smegmatis 236 strains on propionate or cholesterol [30] . Blue compound Resazurin, which can be reduced to pink 237 fluorescent product by the metabolically active cells, usually was used to report the cell metabolism 238 activity and cell number. Three M. smegmatis strains (wt, glnR, and glnR::glnR) were grown in 239 nitrogen starvation M9 medium with propionate or cholesterol as carbon source. After 36 h culture, 240 100 L of culture were transferred to 96-well plate and resazurin was added. As shown in Fig 5C,  241 glnR strain showed a more obvious pink (reduced resazurin) than wild-type and complementary In present study, we identified a new regulator GlnR (the nitrogen transcriptional regulator) that 260
repressed the transcription of prp operon involved in methylcitrate cycle in M. smegmatis. The 261
finding reveals an unprecedented link between nitrogen metabolism and propional-CoA 262 assimilation involved in the utilization of fatty acids or cholesterol, and provides a new insight to 263 the sensing and metabolism of nutrients of mycobacteria in host cells (Fig 7) .
264
Fatty acids and cholesterol metabolism is essential for mycobacteria to grow in macrophages and 265 infect human or animals. However, the degradation of fatty acids and cholesterol results in 266 accumulation of propionyl-CoA [31] [32] [33] The findings not only provide the insights into the regulatory mechanism underlying crosstalk of 296 nitrogen metabolism and carbon metabolism, but also reveal a potential application for controlling 297 populations of pathogenic mycobacteria. 
